Chiasmata resulting from interhomolog recombination are critical for proper chromosome segregation at meiotic metaphase I, thus preventing aneuploidy and consequent deleterious effects. Recombination in meiosis is driven by programmed induction of double strand breaks (DSBs), and the repair of these breaks occurs primarily by recombination between homologous chromosomes, not sister chromatids.
describe genetic studies indicating that while DSB-containing Sycp3 -/-oocytes can be eliminated efficiently, those that survive have completed repair before the execution of an intact DNA damage checkpoint. We find that the requirement for DMC1 and TRIP13, proteins normally essential for recombination repair of meiotic DSBs, is substantially bypassed in Sycp3 and Sycp2 mutants. This bypass requires RAD54, a functionally conserved protein that promotes intersister recombination in yeast meiosis and mammalian mitotic cells. Immunocytological and genetic studies indicated that the bypass in Sycp3 -/-Dmc1 -/-oocytes was linked to increased DSB repair. These experiments lead us to hypothesize that axial elements mediate the activities of recombination proteins to favor interhomolog, rather than intersister recombinational repair of genetically programmed DSBs in mice. The elimination of this activity in SYCP3-or SYCP2-deficient oocytes may underlie the aneuploidy in derivative mouse embryos and spontaneous abortions in women.
INTRODUCTION
Aneuploidy is the major cause of birth defects and chromosome abnormalities in humans (HASSOLD et al. 2007) . Most are traceable to meiosis I (MI) errors during oogenesis. Erosion of homologous chromosome cohesion is one contributor to agerelated increases in oocyte aneuploidy (CHIANG et al. 2010) . Additionally, in most organisms, crossing-over is essential to ensure accurate segregation of homologous chromosome pairs at the first meiotic division. Cohesin-stabilized chiasmata physically tether homologous chromosomes, contributing to their eventual congression to, and coalignment at the metaphase plate (HODGES et al. 2005; TACHIBANA-KONWALSKI et al. 2010 ). There, the pair is held in balance by opposing forces: centromere cohesion and chiasmata maintaining attachment on one hand vs. spindle fibers pulling each homolog towards opposite poles. The absence of a crossover (CO) between any chromosome pair can result in random disjunction and aneuploidy, potentially leading to embryonic death or birth defects. How meiocytes create and distribute COs amongst all chromosomes has been a longstanding subject of research.
In mice, pairing and synapsis of homologs is dependent upon homologous recombination (HR). HR is induced by the genetically-programmed creation of >200 double strand breaks (DSBs) in the genome (PLUG et al. 1996) . The distribution of DSBs is not entirely random, and is influenced by DNA sequence, chromatin structure/epigenetic state, and trans-acting factors PARVANOV et al. 2010; WU et al. 2010) . The SPO11-induced DSBs trigger a meiotic DNA damage response, whereby key proteins such as the ATM sensor kinase initate a signaling cascade (including H2AX phosphorylation and p53 activation) that recruits HR proteins to repair the breaks (BURGOYNE et al. 2007; LU et al. 2010) . DSB repair eventually yields non-crossover (NCO) and CO events, with the former being favored in an approximately 10:1 ratio in mice (ANDERSON et al. 1999; KOEHLER et al. 2002) . The CO and NCO pathways are temporally and mechanistically distinct both in yeast (ALLERS and LICHTEN 2001; BORNER et al. 2004; CROMIE and SMITH 2007; HUNTER and KLECKNER 2001) and (probably) mice (GUILLON et al. 2005) .
As in mitotic cells, meiocytes have surveillance systems ("checkpoints") to monitor DSB repair (BHALLA and DERNBURG 2005; GHABRIAL and SCHUPBACH 1999; ROEDER 1997) . Defects in recombination and/or chromosome synapsis trigger delay or arrest in the pachytene stage of prophase I. This response to meiotic defects is often referred to as the "pachytene checkpoint" (ROEDER and BAILIS 2000) . Persistence of checkpointsensed defects can result in gamete apoptosis. These systems are important for preventing the transmission of genetic aberrations to offspring.
The pachytene checkpoint monitors two aspects of meiotic chromosome metabolism in S. cerevisiae and C. elegans: DSB repair and chromosome synapsis (BHALLA and DERNBURG 2005; WU and BURGESS 2006) . Genetic analyses indicate that mice also have distinct DNA damage and synapsis monitoring/response pathways.
Spermatocytes homozygous for a hypomorphic allele (Trip13 Gt ) of the yeast Pch2 ortholog exhibit complete homolog synapsis, but undergo pachytene arrest and death due to incomplete DSB repair (LI and SCHIMENTI 2007; ROIG et al. 2010 ). SPO11 deficiency, in which meiocytes lack DSBs, also triggers elimination of both oocytes and spermatocytes due to asynapsis (BAUDAT et al. 2000; ROMANIENKO and CAMERINI-OTERO 2000) . The distinction in surveillance/checkpoint pathways is also evident by the timing by which mutant oocytes are eliminated. DSB repair-defective mutant oocytes (e.g.
Dmc1; Msh5; Trip13
Gt ) undergo elimination by birth before follicle formation, reflecting a rigorous pachytene DNA damage checkpoint (we will subsequently refer to it as such) identical to that in spermatocytes. To the contrary, strictly asynaptic mutants (Spo11; Mei1), can form follicles after birth at ~15-20% the WT level, and oocytes contained therein can persist and mature for weeks after birth REINHOLDT and SCHIMENTI 2005) .
Whereas elimination of oocytes with severely defective SCs is mediated by the scHop1 ortholog HORMAD1 (DANIEL et al. 2011) , the "synapsis checkpoint" in males may not be a checkpoint per se; rather, it appears to be a consequence of disrupted meiotic sex chromosome inactivation (MSCI) that is common in highly asynaptic spermatocytes (MAHADEVAIAH et al. 2008; ROYO et al. 2010) . The mammalian meiotic DNA damage checkpoint pathway components are not well-delineated. TRP53 is activated in response to SPO11-induced DSBs in spermatocytes (LU et al. 2010) , but it 5
is not yet known if this pathway is responsible for elimination of spermatocytes with unrepaired DSBs.
Not only must meiocytes repair their DSBs to avoid checkpoint-mediated elimination, but also the template used for homologous recombination repair is crucial. In 4C mitotic cells, there is a strong preference for repairing DSBs using the sister chromatid as template (KADYK and HARTWELL 1992; STARK and JASIN 2003) , likely a consequence of their physical association. Since the "purpose" of SPO11-induced DSBs in meiosis is to stimulate recombination between homologous chromosomes, which is ultimately critical for proper disjunction at the first meiotic division, mechanisms have evolved to overcome the predilection for intersister (IS) DSB repair such that recombination between homologs is predominant (JACKSON and FINK 1985) . Observations in yeast led to the idea that there is a "barrier to sister chromatid recombination" that suppresses IS recombination in order to favor recombination between homologs (NIU et al. 2005) .
Nevertheless, despite the suppression by such a barrier, intersister meiotic recombination occurs at substantial rates (GOLDFARB and LICHTEN 2010; SCHWACHA and KLECKNER 1997) . However, the proportion of DSBs that undergo IS recombination is inhibited so as to enable sufficient amounts of interhomolog (IH) repair (LAO and HUNTER 2010) .
In S. cerevisiae, elements of both the DNA damage checkpoint and the synaptonemal complex (SC) influence DSB repair partner choice. The SC is a tripartite structure that defines synapsis and consists of a proteinaceous central element flanked by two chromosome-bound lateral elements. The precursors of lateral elements are called axial elements, and they form before, and as a pre-requisite to, mature SC assembly and synapsis. Deletion of yeast genes encoding the axial element proteins Red1 or Hop1 allow repair of DSBs in the absence of the meiosis-specific RecA homolog Dmc1, which is otherwise essential for homologous recombination repair of DSBs and synapsis in yeast and mice (BISHOP et al. 1999; CARBALLO et al. 2008; PITTMAN et al. 1998; SCHWACHA and KLECKNER 1997; XU et al. 1997; YOSHIDA et al. 1998) . Although Red1 or Hop1 deficiency allows bypass of meiotic arrest in dmc1 yeast, thus resembling the consequences of an ablated checkpoint, the rescue actually occurs because intersister recombination is activated to repair the DSBs (NIU et al. 2005) . In yeast, the ability to monitor recombination intermediates on 2D gels and to exploit unique mutants that facilitate such analyses (for example, which allow meiosis to occur in haploid cells or which block processing of DSBs) allow direct detection of intersister and interhomolog recombination intermediates.
In mammals, it is assumed but not formally known that a bias to interhomolog repair of meiotic DSBs exists. The complex nature of mammalian gametogenesis greatly hinders the search for genes that might be involved in this process, and strategies such as unbiased genetic screening would be extraordinarily difficult. As an alternative, we drew on the yeast knowledge to hypothesize that axial element proteins in mice might play a role in recombination partner choice or checkpoint function. Here, we report that eliminating either of two such proteins, SYCP2 and SYCP3, rescues early elimination of recombination-defective oocytes, and that this rescue is dependent on RAD54, a protein required for intersister recombination in yeast. We hypothesize that SC axial elements promote interhomolog recombination at the expense of intersister exchange.
MATERIALS AND METHODS

Mice :
The mouse alleles were as follows. Dmc1: Dmc1 tm1Jcs (PITTMAN et al. 1998 (ELSON et al. 1996) . Genotyping was performed as described in the original publications of these mutations, or in the case of Scid mice, according to The Jackson Laboratory's recommended PCR assay. The diverse origins of the mice necessitated the use of mixed backgrounds. Most of the strains maintained in the colony were bred into the C57BL/6J background, but others contain proportions of FvB, 129 and C3H. Comparisons of compound mutants and controls involving a key mutation (e.g., Trip13 + Sycp3) utilized siblings or pups from the same or related parents.
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Histology and oocyte quantification : Testes or ovaries were fixed in Bouin's, embedded in paraffin, serially sectioned at 5 µm, and stained by hematoxylin and eosin.
The ovaries were taken from females that were 3 weeks old, ± 2 days. For oocyte quantification, every 5 th section was scored for the presence of the following classes of oocytes: primordial, primary, secondary, pre-antral, and antral, using the criteria of Meyers et al (MYERS et al. 2004) . Only those with a visible nucleus were counted.
These 5 categories were grouped into 2 (primordial, and the remaining 4 categories) for reporting in Fig. 2 . Note that this method underestimates total oocyte numbers; thus, the oocyte counts reported in Fig. 2 are intended for inter-genotype comparisons.
Immunocytochemistry:
Immunolabeling of surface-spread spermatocytes and newborn oocytes was performed as described (BANNISTER et al. 2004; REINHOLDT et al. 2004 ). To reach conclusions on the pattern of staining for various proteins, 30 (unless otherwise indicated) well-spread nuclei of particular meiotic stages were first identified under the fluorescent microscope on the basis of SYCP3, SYCP1 or STAG3 staining, then imaged at both appropriate wavelengths to determine the pattern of second proteins with focal patterns such as γH2AX, RAD51 or RPA. Unless otherwise indicated, the panels shown in the figures were the exclusive or predominant patterns seen.
Primary antibodies used in this study were as follows: rabbit anti-SYCP1 (1:1,000; a gift from C. Heyting) (MEUWISSEN et al. 1992) ; mouse anti-γH2AX (1:500, JBW301
Upstate Biotechnology); rabbit anti-STAG3 (1:1,000; a gift from R. Jessberger); guinea pig anti-STAG3 (1:500; a gift from C.Hoog); rabbit anti-RAD51 (1:250; Calbiochem); and rabbit anti-RPA (1:250; a gift from C. Ingles). All secondary antibodies conjugated with either Alexa Fluor 488 or 594 (Molecular Probes) were used at a dilution of 1:1000. All images were taken with a 60X or 100x objective lens (the latter under immersion oil).
Graphs and statistical analysis was performed with GraphPad Prism5. Focus number comparisons between genotypes were evaluated using the non-parametric one-tailed Mann-Whitney test. We considered two possible explanations for the substantial survival and fertility of Sycp3 -/-oocytes in ovaries that also eliminate, in a delayed manner, the fraction of oocytes (2/3) that presumably are those that retained DNA damage at birth. One is that SYCP3 is a component of the DNA damage checkpoint, and its absence allows some
RESULTS
Genetic analyses indicate that
Sycp3
-/-oocytes to escape embryonic meiotic arrest and neonatal apoptosis to allow for subsequent DSB repair. This subset of oocytes would have had extra time to repair DSBs and gain the ability to generate viable offspring. The second possibility is that while meiotic DSBs in the neonatally-surviving oocytes were repaired in an SYCP3-independent manner before checkpoint-mediated elimination, most underwent a degree of repair that was insufficient for viability but sufficient to postpone neonatal death for several days (to 8 dpp).
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To distinguish between these possibilities, we adopted a genetic approach that involved epistasis analyses of several meiotic mutants. 
Trip13
Gt/Gt ovaries (3 weeks old) are severely dysplastic due to complete absence of primordial and primary follicles and complete or nearly complete absence of more developed follicles ( Fig. 1f ; N=4 ovaries from 2 females had 0 follicles; N=2 ovaries from 1 female had total of 4). This stands in contrast to WT or Sycp3 -/-ovaries (Fig. 1a,g ) which have hundreds (Fig. 2) . The ovarian and follicular agenesis of Trip13 Gt/Gt oocytes is dependent upon SPO11 and MEI1, two proteins required for meiotic DSB formation, indicating that oocyte death is triggered by defects in DSB repair (LI and SCHIMENTI 2007) . Surprisingly, Sycp3 deletion rescued the near-complete elimination of Trip13
Gt/Gt oocytes, as visualized by the presence of numerous developing follicles in the doubly mutant ovaries (Fig. 1h) . However, primordial follicles were conspicuously absent;
these are also depleted several fold in Sycp3 single mutants compared to WT (Fig. 2) .
Despite the presence of the growing follicles, Trip13 Gt/Gt , Sycp3 -/-females were infertile (N=3; they failed to produce any litters after several months mating to fertile males).
Because Trip13 Gt/Gt mutants allow chromosome synapsis and thus progression to pachynema (in spermatocytes) before being eliminated due to persistent DSBs, we tested whether deletion of Sycp3 could rescue a more severe recombination mutant, a Dmc1 null. Dmc1 -/-meiocytes fail to conduct homologous recombination repair (HRR)
of DSBs, leading to zygotene/pachytene elimination that can be alleviated (in oocytes)
by genetically abrogating meiotic DSBs PITTMAN et al. 1998; REINHOLDT and SCHIMENTI 2005) . Histology of ~3 week old postnatal Dmc1 -/-Sycp3 -/-ovaries revealed a rescue of the absolute oocyte depletion and ovarian agenesis characteristic of Dmc1 single mutants (Fig. 1i,j) . The rescue was incomplete, as the primordial oocyte pool was essentially depleted, and the more developed pool (primordial-antral stages) was lower than in WT and Sycp3 single mutants (Fig. 2) . Fig. 3; Fig. S3 ). These data indicate that an alternative, DMC1-independent DSB repair pathway(s) is activated in SYCP3-deficient oocytes, but that the DMC1 pathway remains functional unless disrupted.
One such alternative DMC1-independent pathway could be interhomolog CO recombination which, as indicated earlier, occurs at a much lower rate than NCO recombination in mice. However, mice lacking Ccnb1ip1, which is required for CO Fig. 1i ,n; also Fig. 2 ), the triply mutant ovaries were devoid of oocytes ( Fig. 1o; Fig. 2 Fig. 1p; Fig. 2 ), but like Sycp3 -/-Trip13 Gt/Gt .
DISCUSSION
There is now molecular and genetic evidence from multiple systems that although intersister (IS) recombination occurs during normal meiosis, (CROMIE et al. 2006; SCHWACHA and KLECKNER 1994) , and can be relatively frequent at least at hemizygous loci (GOLDFARB and LICHTEN 2010) , it is attenuated by mechanisms that enable sufficient interhomolog (IH) recombination for disjunction of chromosomes during the reductional division. Since IS recombination is decreased even in the absence of a homologous chromosome (CALLENDER and HOLLINGSWORTH 2010) , it appears that the IH preference is mainly or partly due to inhibition of IS interactions. In S. pombe however, an organism lacking SC and which has a higher IS:IH recombination ratio, it is possible that IH recombination is stimulated to enable a sufficient number of crossovers (LATYPOV et al. 2010) .
Little is known about the incidence of IS recombination in mammalian meiosis.
Sister Chromatid Exchange (SCE) has been observed in hamster and mouse spermatocytes (ALLEN and GWALTNEY 1984; KANDA and KATO 1980) , albeit rarely and with a preference for the sex chromosomes (ALLEN and LATT 1976) . Aside from the small pseudoautosomal (PAR) region that synapses between the X and Y, it is presumed that repair of the remaining DSBs requires IS recombination. However, IS "crossovers" that result in SCEs are estimated to constitute only about 17-25% of all IS recombination events in yeast (GOLDFARB and LICHTEN 2010) , suggesting that most IS events will be undetectable by the classical cytological method to visualize SCEs (typically involving differential labeling of chromatids by BrdU). Another implication that IS recombination is rare in normal mammalian meiosis can be inferred by comparison to Dmc1-deficient fission yeast, which have normal spore viability but decreased crossing over (FUKUSHIMA et al. 2000) . Dmc1 -/-mice, however, undergo complete pachytene arrest and death of meiocytes (PITTMAN et al. 1998) Intersister recombination, which is efficient in mitotically growing cells, is driven by Rad51 and stimulated by Rad54, a member of the SWI/SNF class of translocases.
Rad54 enhances strand invasion of a Rad51 presynaptic filament (HEYER et al. 2006; RASCHLE et al. 2004; SUNG and KLEIN 2006) . Although Rad51 supports efficient Dmc1-mediated IH recombination in yeast meiosis, the independent activity of Rad51 is inhibited by at least two mechanisms that block Rad54/Rad51 complex formation or synergy: 1) phosphorylation of Rad54 by Mek1, and 2) the action of Hed1 (BUSYGINA et 15 al. 2008; NIU et al. 2009; TSUBOUCHI and ROEDER 2006 oocytes. Importantly, the in vitro functions and activities of RAD54 are highly conserved (MAZIN et al. 2010) . Both human and mouse orthologs have branch migration activity that is promoted by Rad51 (BUGREEV et al. 2006; ROSSI and MAZIN 2008) , and they stimulate the Mus81-Eme1/Mms4 endonuclease that resolves Holliday junctions (MATULOVA et al. 2009; MAZINA and MAZIN 2008) . RAD54 is also important for repair of induced DNA damage by IS repair in mouse cells (MILLS et al. 2004) . Interestingly, we observed a modest (~2 fold) decrease in the primordial oocyte pool in Rad54 mutants, raising the possibility that IS recombination plays a significant role in normal oocytes.
Finally, that Sycp2 deletion also rescued Trip13 Gt/Gt oocytes supports the notion that the SC axial element structure itself, rather than any specific components, drives the IH preference for homologous recombination-mediated DSB repair.
Whether the same putative partner choice phenomena apply to male meiosis remains an open question. Indeed, we evaluated males of all the genotypes described for females in this study. However, analyses of spermatocytes are confounded by the fact that the timing of meiotic arrest in mutants is the same regardless of whether the defect is asynapsis (e.g. Spo11 -), DSB repair (e.g. Trip13 Gt ) or both (e.g. Dmc1 -) LI and SCHIMENTI 2007) . This complicates assessment of SYCP3's role as a checkpoint protein vs a recombination choice factor, since Sycp3 mutants themselves undergo zygotene/pachytene arrest with failed synapsis. For example, if SYCP3 were to have DSB repair checkpoint function exclusively, then its deletion might be expected to allow progression of Trip13 Gt/Gt spermatocytes through meiosis.
However, histological and immunocytological analysis of doubly mutant spermatocyte chromosomes confirmed expectations that Sycp3 is epistatic to Trip13 (Fig. S1a-d ) (YUAN et al. 2000) . That is, the double mutants arrested in a state resembling Sycp3 single mutants, displaying extensive asynapsis marked by γH2AX that is indicative of meiotic silencing of unsynapsed chromatin (MSUC) that in turn disrupts XY silencing (TURNER et al. 2005) -LEDESMA and AGUILERA 2006; SJOGREN and NASMYTH 2001; SJOGREN and STROM 2010) , this could explain the lack of rescue by Sycp3 deletion. The situation with Atm mutants is more difficult to interpret. Their chromosomal defects -including chromosome fragmentation and chromosome axis disruption -may be of a nature that cannot be repaired by IS recombination (in Sycp3 mutants) to a degree that allows bypass of damage and spindle checkpoints (BARCHI et al. 2008; XU et al. 1996) . Alternatively, ATM, which is a key DNA damage response factor in somatic cells and leptotene spermatocytes (BELLANI et al. 2005) , may be required for triggering efficient repair by both IH and IS recombination.
Another caveat is that the reduced rate of DSB repair in Sycp3 -/-oocytes (WANG and HOOG 2006) is not easily reconciled with our hypothesis that the axial element (AE)
promotes IH bias, at least in part by inhibiting IS repair. We suggest two possible explanations. One is that certain proteins involved in IS recombination are limiting in oocytes (for example, RAD51), such that whereas IS interactions are favored, processing of recombination intermediates is hampered. Another possibility is that the AE not only inhibits IS recombination, but also enhances IH recombination to a greater relative degree. In this scenario, the decreased efficiency of IH recombination slows overall DSB repair, increasing the ratio of IS:IH recombination, leading to the observed reduction in crossovers, elevated aneuploidy, and checkpoint-mediated elimination of many oocytes before they complete DSB repair (WANG and HOOG 2006) .
Our data show that the SC proteins SYCP2 and SYCP3 are required for the complete elimination of oocytes that are defective for repair of IH meiotic DSBs by homologous recombination, and genetic evidence suggests that SYCP3 does so by inhibiting IS recombination. Our results, considered in conjunction with data from budding yeast and mice, lead us to propose that intact axial elements, the precursors of the lateral element of the mature SC, constitute the critical organizer of recombination pathway and partner bias in mammalian meiosis. As diagrammed in Fig. 4 , the basic tenet of this model is that RAD51/DMC1 nucleoprotein filaments that form at resected ends of DSBs are oriented by, or bound to AE components (possibly SYCP2 and/or SYCP3) in such a way as to inhibit interaction with the sister chromatid, while spacially favoring homologous chromosome interactions.
Yeast-based models to explain IH bias have in common either a physical orientation of DSB ends toward the SC central element (and homologous chromosome),
highlighting specific molecules such as the Rec8 cohesin (KIM et al. 2010) to integrate into AEs (SHIN et al. 2010) . Recently, evidence has been presented that HORMAD1-depletion depresses SPO11-induced DSBs and is involved in the oocyte checkpoint that detects asynapsis (DANIEL et al. 2011) . It remains to be seen if all the AE components (other than REC8, the deletion of which causes early oocyte death) are important for maintaining IH bias. We favor the idea that the overall AE structure is critical, and that loss of certain individual components may phenocopy the effects we have observed here.
The control of meiotic recombination and partner choice is of high relevance to human health. This is indicated by the phenotype of Sycp3 -/-mice. They manage to conduct DSB repair but, as a result of decreased crossing over, undergo oocyte loss and produce aneuploid gametes. SYCP3 mutations in human females have been associated with recurrent pregnancy loss, suggestive of fetal chromosome 20 abnormalities (BOLOR et al. 2009 ). Nevertheless, obtaining proof that axial elements control recombination partner choice awaits the development of effective methodologies for assaying sister chromatid recombination in meiocytes. This is complicated by the fact that oocytes undergo meiosis in utero. Such analyses may be made possible by developments that allow cytological analyses of chromosome exchanges, molecular analysis of individual DSB repair events, or bulk physical studies of recombination intermediates that occur at strong "hotspots."
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